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Abstract—Between 1970 and 1986 the Nevada Applied Ecology Group (NAEG), U.S. Department of Energy,
conducted environmental radionuclide studies at weapons-testing sites on or adjacent to the Nevada Test Site. In
this paper, NAEG studies conducted at two nuclear (fission) sites (NS201, NS219) and two nonnuclear (nonfission)
sites (Area 13 [Project 57] and Clean Slate 2) are reviewed, synthesized and compared regarding (1) soil particle-
size distribution and physical-chemical characteristics of M9+240Pu-bearing radioactive particles, (2) 239+240pu re-
suspension rates and (3) transuranic and fission-product radionuclide transfers from soil to native vegetation,
kangaroo rats and grazing cattle.

The data indicate that transuranic radionuclides were transferred more readily on the average from soil to air,
the external surfaces of native vegetation and to tissues of kangaroo rats at Area 13 than at NS201 or NS219. The
239+240Pu resuspension factor for undisturbed soil at Area 13 was three to four orders-of-magnitude larger than at

* This research was supported by the Nevada Applied Ecology
Group, U.S. Department of Energy, Nevada Operations Office, Las Vegas,
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NS201 and NS219, the geometric mean (GM) vegetation-over-soil
100 times larger than at NS201, and the GM Gl-over-soil, carcass-ove
kangaroo rats were about ten times larger than at NS201. These result
13, compared with NS201 or NS219, has a higher percentage of radioac
and a larger percentage of resuspendable and respirable soil. Howcve

+24«pu concentration ratio was from ten to
-soil and pelt-over-soil 239+I40pu ratios for
s are consistent with the finding that Area
ivity associated with smaller soil particles
r, the resuspension factor increased by a

factor of 27 at NS20I when the surface soil was disturbed, and by a factor of 12 at NS219 following a wildfire.
The average (GM) concentration of 239+240Pu for the GI (and contents) of Area 13 kangaroo rats and for the

rumen contents of beef cattle that grazed Area 13 were very similar (400 vs. 440 Bq kg"1 dry wt, respectively)
although the variability between individuals was very large. The GM carcass-over-GI 239+240pu concentration ratio
for kangaroo rats at Area 13, Clean Slate 2, and NS201 were similar in value (~2 X 10~2), as were the GM Gl-
over-vegetation concentration ratios (~2 X 10°) (no statistical •differences). The GM carcass-over-GI ratio for
Area 13 kangaroo rats (2 X 10~2) was 30 times larger (statistically significant) than the approximate calculated
GM carcass-over-rumen concentration ratio (7 X 10""*) for the beef calttle that grazed Area 13, indicating the
possibility of greater transfer of 739+MOPu to tissues of kangaroo rats than to tissues of beef cattle.

At NS201, the data indicated that the bioavailability of radionuclides, to the carcass of kangaroo rats was 90Sr
> 137Cs > 238Pu > 241Am > 239+240Pu. The GM carcass-over-GI ratio for PSr was about six times larger than for
"7Cs, about 30 times larger than for 238Pu and about 60 times larger than for "'Am and 2""2J"}>u (statistical
differences). Also, theGM 239+240Pu-over-2:"fPii ratios for pelt and Gl werb three to four times larger (statistically
significant) than that for carcass, and the GM 239+14(lPu-over-a'"Am ratfo for pelt was about two times larger
(statistically significant) than that for carcass. r

INTRODUCTION

THE NEVADA Applied Ecology Group (NAEG) con-
ducted environmental radionuclide studies on the Nevada
Test Site (NTS), the Tonopah Test Range and the Nellis
Bombing and Gunnery Range between 1970 and 1986.
The objectives of the NAEG included determining con-
centrations of radionuclides in ecosystem components
(soil, air, native vegetation, small mammals and grazing
cattle), quantifying the rates that radionuclides move from
soil to the other components and developing radionuclide
transport and dose-to-man models.

In this paper we focus on NAEG studies conducted
at Nuclear Sites 201 and 219 and nonnuclear sites Area
13. (Project 57) and Clean Slate 2, all of which are in
Great Basin desert environments. At nuclear sites, a nu-
clear device was detonated causing a nuclear reaction with
accompanying very high temperatures and local contam-
ination by fission and activation products and by residual
transuranic radionuclides. At nonnuclear (safety-shot)
sites, chemical explosions dispersed transuranic contam-
ination, but little if any fission or activation-product con-
tamination was produced. Data from the two nuclear and
two nonnuclear sites are synthesized and compared here
regarding soil physical-chemical characteristics and soil
particle-size distributions, resuspension factors and the
transfer of transuranic and fission-product radionuclides
from soil to native vegetation, kangaroo rats (Dipodomys
spp.) and grazing cattle. This synthesis should be useful
for the continuing development of radionuclide transport
and dose models for the NTS environs.

This paper complements a recent paper (Gilbert et
al. 1988) that estimated the fraction of 239+240pu trans-
ferred from soil to muscle, bone and other tissues of graz-
ing cattle, and a paper (Romney et al. 1987b) that re-
viewed findings on the distribution and availability of
239+24opu and 24iAm at NAEQ nonnuclearjstudy sites.
Those readers requiring detaUed^jnfQrmatidn about
NAEG studies shoulcf;lbnsult*Howard (1984) and the
NAEG technical reports referenced here. A listing of

NAEG journal papers and technical reports is given in
Chilton and Cox (1988).

The NAEG studies form a valuable baseline for the
Basic Environmental Compliance and Monitoring Pro-
gram (BECAMP) that was initiated in 1986 by DOE,
Nevada Operations Office, to assess changes over time in
the radiological and ecological condition of the NTS'and
surrounding areas. BECAMP studies will also provide in-
formation needed for compliance with environmental
laws dealing with hazardous wastes, endangered plant and
animal speciesland the preservation of historic sites.

As the analytical method used did not separate the
Pu isotopes, Pu is used here to represent the combi-
nation of 239Pu and 240Pu.

STUDY AREAS

Nuclear Sit^ 201 (NS201), also known as Little Feller
II, is located in Area 18 on the NTS in an arid region of
steep hill slopes, drainage channels, rock outcrops, rocky
soils and low growing shrubs. In 1962, a very low yield
nuclear device was detonated near the ground surface,
resulting in an elongated pattern of soil and vegetation
radionuclide contamination. The spatial pattern of 241Am
concentrations in surface soil (0- to 5-cm depth) was es-
timated by Gilbert and Simpson (1985) (shown here in
Fig. 1) and by McArthur and Meed (1988). The estimated
patterns for 239Pu [f 24lAm and 137Cs in surface soil (given
by Gilbert et al. 1987) are similar to that for 241Am.

Nuclear Site 219 (NS219), also known as Palanquin,
is located on Pahute Mesa in the northern part of the
NTS. The area is characterized by rolling mesa tops con-
sisting primarily of lava outcroppings interspersed with
shallow alluvial soi s (O'Farrell and Sauls 1987). In 1965,
a small nuclear device that had been buried in hard vol-
canic rock .was exploded. The explosion created a crater,
and some radioactivity was released aboveground, causing
radiation damage o death to shrubs in an elongated 3-
km2 area north of the detonation point (ground zero;
GZ) in patterns de cribed by Rhoads and Platt (1971).
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Fig. 1. Estimated concentration contours of 241 Am in surface
soil at NS201 as determined from 241Am concentrations in soil
samples. Also shown are the location of vegetation, small-mam-
mal and resuspension studies. Adapted from Fig. 10 in Gilbert

and Simpson (1985).

This damaged area became a grassland of perennial and
annual grasses. The spatial patterns of 239Pu + 24'Am and
90Sr concentrations in surface soil were estimated by Gil-
bert et al. (1987) and McArthur and Meed (1988).

Area 13 is a flat, arid, treeless region within Emigrant
Valley on the Nellis Bombing and Gunnery Range north-
east of the NTS. In 1957, at the Project 57 site, an assembly
of nuclear materials was dispersed with a chemical explr>
sioh at ground level. The estimated spatial pattern of
24lAm contamination in surface soil is shown in Fig. 2.
The pattern for 239Pu, which is very similar to that for
24'Am, was estimated by Delfmer and Gilbert (1978). The
results of an aerial radiological survey of Area 13 for 241Am
and 239Pu were reported by Fritzsche (1979). Shrubs are
the dominant vegetation type (Romney et al. 1974).

Clean Slate 2 is located on Cactus Flat north of the
NTS on the Tonopah Test Range. This region is flat, arid,
sandy and treeless, with low-growing shrubs and grasses
(Romney et al. 1975). In 1963, an explosive device was
detonated near to an assembly of Pu at the ground surface.
The spatial patterns of 24lAm and 239Pu concentrations
in surface soil have been estimated from soil (Gilbert et
al. 1975) and aerial (Jobst 1979) measurements.

METHODS AND DATA

Soil
The NAEG collected soil samples to estimate the

spatial pattern and inventory of radionuclides in surface
soil and to study the relationships among radionuclide
concentrations in soil, air, vegetation, small mammals
and cattle. In this paper the study of relationships is em-
phasized.

At NS201, surface-soil samples were collected at
more than 700 locations on a variable-size grid pattern
that ranged from 7.6-m spacing near GZ to 61-m spacing
at greater distance from GZ (see Fig. 1 in Gilbert et al.
1987). Samples were obtained using a 12.7-cm diameter
by 5-cm-deep sampling ring inserted flush into the soil.
Analytical results from these samples were used to esti-
mate the spatial pattern of241 Am shown in Fig. 1 and the
spatial patterns of 137Cs and 239Pu + 24 'Am reported by
Gilbert et al. (1987). In this paper we use only the soil
samples that were collected at locations within the vege-
tation sampling zone (Fig. 1). The 239Pu and 137Cs con-
centrations for these soil samples are plotted in Fig. 3.

At NS219, 89 samples were collected on a variable-
size grid pattern (122-m spacing near GZ, 488-m spacing
at greater distance; Gilbert et al. 1987, Figs. 18 and 19)
using the same methods that were used at NS201. At Area
13 and Clean Slate 2, 180 and 88 soil samples, respectively,
were collected at randomly selected locations within geo-

0 500
Meters

241 Am Activity Strata

1 FIJI 0-20 cps

2 | I 20-85 cps

3 r~~l 85-170 cps

4 ill 170-420 cps

5 420-830 cps

6 ipii >830 cps

Fig. 2. Americium-241 activity (counts per second [cps]) strata
for surface soil at Area 13 (Project 57) as determined using the
F1DLER (field /nstrument for the Detection of Low .Energy
.Radiation) in-situ detector (Tinney 1968) held at 0.3-m height
above the ground surface. Adapted from Fig. 5 in Gilbert and

Eberhardt(1974).
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Fig. 4. Plutonium concentrations (Bq kg ' dry wt) for soil, native vegetation, fistulated steers, beef cattle, and
kangaroo rats (Dipodomys microps) at Area 13, Clean Slate 2 and NS219. n, GM, GSD and GSE are denned in
the caption of Fig. 3. Gl fora beef cow is the mean of its rumen vegetation and rumen fluid concentrations. Carcass
for a beef cow is 0.75(muscle concentration) + 0.25(bone concentration) (see text). Soil and vegetation data are
for locations within the vegetation sampling zone (Fig. 1) where 239Pu was measured for both soil and vegetation.
Outer-enclosure Area 13 kangaroo rats had centers of activity in strata 1 or 2. Inner-enclosure kangaroo rats had

centers of activity in strata 3 or 4 (Fig. 2).

Air
At NS201, soil resuspension experiments were con-

ducted at a location 732-m north and 305-m west of GZ
(Fig. l)(ShinnandHoman 1982). The experiments were
conducted from 21 August to 22 September 1980 in a
region chosen for its relatively smooth terrain'and uniform
239Pu and 24lAm soil concentrations and ease of access
from improved roads. Three high-volume (100 m3 h~')
air samplers and two cascade impactors were used to
characterize the 239Pu aerosol for undisturbed and hand-
raked soil surfaces. Also, a floorless wind tunnel was used
to measure resuspension phenomena under steady-state
wind speed conditions. Special radiochemical methods
(after Wessman and Leventhal 1977) were used on the
air filters to determine 239Pu concentrations using isotope
dilution and alpha spectrometry.

At NS219, 239Pu aerosol studies were conducted
similarly to those at NS201. One high-volume air sampler
and two cascade impactors were located 305-m due north
of GZ in an area undisturbed by blast effects. The samples
were operated during 1983 (Table 1) to compare with
measurements made at the same location in September-
October 1977, following a grassland wildfire that had
swept through the area.

At Area 13, an ultra-high-volume air sampler (1700
m3 h~') was operated for 24-h periods five times each
month from February through July 1973, in an area of

low soil concentrations south of GZ just outside the outer
fence. Also, cascade impactors were used in April and
July 1974 near GZ in the inner fenced area. No resus-
pension data were collected at Clean Slate 2.

Vegetation
At Area 13 and Clean Slate 2, leaves and stems were

collected at random places from usually a single shrub at
each soil-sample location. At NS201, this same sampling
procedure was used at 88 soil-sample locations within the
vegetation sampling area shown in Fig. 1. The NS201
vegetation data are shown in Fig. 3. The sampled shrub
at each location was selected at random from among the
shrubs within 3 m of the soil-sample location. If no shrub
was within the 3-m sampling zone, an event that occurred
at fewer than 50% of the locations, the nearest shrub was
selected.

At NS219, composite perennial bunch-grass samples
were collected at most of the 89 soil-sample locations
throughout the fallout pattern (Romney et al. 1987a; Gil-
bert et al. 1987). At each location at NS219, the bunch
grass was clipped (down to the crown mat) from several
grass clumps and composited. Sample collection dates for
all sites are given in Table 1.

All vegetation samples were charred, ashed at 450°,
dissolved and assayed for the major ^-emitting radionu-
clides and for 239Pu, 24 lAm and sometimes 238Pu and 90Sr
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Table 1. Sample collection dates at study sites NS201, NS2I9

Study
Site

NS201

NS219

Area 13

Soil Air

August 1976
to October
1977*

June -
October
1980

January -
February
1973

Native
Vegetation

July 1977

1980

September - September
October 19771 1980
January -
December 1983

Clean November
Slate 2 December

1973

February -
July 1973

No data

January -
April 1973

November
1973

Intermittent sampling over time.
Following a grassland wildfire.

using methods described by Wessman et al. (1982). In
Fig. 3 are shown the vegetation 239Pu and 137Cs measure-
ments for locations at NS201 where both soil and vege-
tation samples were collected. The vegetation 239Pu data
at Area 13, Clean Slate 2, and NS219 are shown in Fig.
4. A vegetation-over-soil radionuclide concentration ratio
was computed for each vegetation sample by dividing the
vegetation radionuclide concentration by that of the
nearest surface-soil sample.

Kangaroo rats
At NS201, small mammals were captured using

Sherman live traps arranged in a rectangular grid (16 lines,
each with 25 traps; 15.2-m spacing between lines and
traps) located in the GZ area (Fig. 1). Radionuclide con-
centrations were reported by Moor et al. (1976a, 1976b)
and Moor and Bradley (1987) for the pelt, the intact gasr
trointestinal tract and its contents (henceforth denoted
by GI) and carcass (all internal organs except the GI) of
sacrificed kangaroo rats (Dipodomys merriami, D. ordii
and D. microps). Seventy-five percent of the sacrificed
animals had been residents for three to six months. The
remaining animals were present fewer than three months.
Pelts were analyzed for 241Am using 7 spectrometry. Ra-
diochemistry was used to determine 24'Am for GI and
carcass and 239Pu, 238Pu and 90Sr for all three tissues
(Fig. 3).

Small-mammal live trapping was conducted at Area
13 and Clean Slate 2 on 3.9-hectare trapping grids of 200
Sherman live traps (Moor and Bradley 1974; Bradley and
Moor 1975). These grids covered the GZ areas and con-
tiguous areas of lower radionuclide concentrations. Di-
podomys microps animals that were residents more than
six months were removed for radiochemical analyses of
their pelt, GI and carcass. The 239Pu measurements for
these tissues are shown in Fig. 4.

Small
(O'Farrel
surement;
ment det
paper. At INS201,
small-mammal
that of so

During a
to reduce
and Brad
pair of lat
instruments
sue was pi iced
in dry ice
were drie<tl
radionucl
over-pelt
puted

For.
soil ratios
obtained
tration ra
universal
1985)on
soil samp^
trations f<
Slate 2
these blocjk

or
and
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9, Area 13 and Clean Slate 2.

angaroo Rats
Grazing
Cattle

April 1977 No data
to September
1980*

May 1980 No data
to June 1982

March 1973 May 1973
to June 1974 to January

1976

March -
August 1974
August 1975

No data

for each

mammal studies were also conducted at NS219
and Sauls 1987), but most radionuclide mea-
in the sacrificed animals were below measure-
ction limits and hence were not used in this

, NS219 and Area 13, the time period of
trapping overlapped (or nearly so) with

1 and vegetation sampling.
utopsy of small mammals, efforts were made

the possibility of cross contamination (Moor
ey 1987). These efforts included using a new
x surgeon's gloves for each animal and separate

for each tissue. Each pelt, GI and carcass tis-
in a separate plastic bag, frozen and shipped

o the radioanalysis laboratory where the samples
ashed and assayed for the major 7-emitting

des. Carcass-6ver-GI, carcass-over-pelt and GI-
•atios of radionuclide concentrations were corn-

animal.
Area 13, Clean Slate 2 and NS201, tissue-over-
of 239Pu concentrations for kangaroo rats were
o estimate the average tissue-over-soil concen-
io for each study area as follows. First, we used
criging (Barnes et al. 1977; Gilbert and Simpson
he logarithms of 239Pu concentrations of surface-
es to estimate logarithmic-average soil concen-

30-m by 30-m blocks at Area 13 and Clean
for 15-m by 15-m blocks at NS201. Second,
averages were exponentiated to obtain block

averages (medians) in the original (untransformed) scale.
Third, the tissue radionuclide concentration for each an-
imal was divided by the median soil concentration for
the block that contained the animal's computed center
of activity (Area 13 and Clean Slate 2) or location of last
capture (NS201). The geometric mean (GM, defined in
the caption to Fig. 3) of the individual ratios was calcu-
lated to estimate the average (median) tissue-over-soil



Radionuclide transport on the Nevada Test Site • R. O. GILBERT et al. 875

concentration ratio. An analogous procedure was used to
obtain GM tissue-over-vegetation concentration ratios.

We note that the GM rather than the arithmetic
mean, is used throughout this paper to estimate averages
of measurements and ratios because it is more robust to
(less affected by) a few individual values that are unusually
large.

Cattle
As discussed by Gilbert et al. (1988) and in greater

detail by Smith (1979), a reproducing herd of beef cattle
grazed the Area 13 study site over a three-year period
(Table 1). In May 1973, nine pregnant beef cows (three
in each trimester of pregnancy) from a control herd pas-
tured near Kingman, AZ, were placed within either an
inner-fenced enclosure (one cow) or an outer-fenced en-.
closure (eight cows) at the study site (Fig. 2). Individuals
grazed the enclosures for up to 1064 d. No supplemental
feeding was provided, and uncontaminated water was
available ad libitum. Cattle were periodically removed
and sacrificed and samples of muscle, femur, vertebra,
liver, kidney, lungs, tracheobronchial lymph nodes, blood
cells, blood serum, gonads, skin and hair, rumen vege-
tation, rumen fluid and reticulum sediment were assayed
for 239Pu, 241Am, 238Pu and other radionuclides. These
data are given by Smith (1979) and were used by Gilbert
et al. (1988) to estimate the fraction of 239Pu that was
transferred from soil to the tissues of these cattle.

Diet information (discussed below) was obtained by
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tion at NS219, the smaller 100- to 2000-^m fraction at
NS201 and the still smaller 20- to 53-nm fraction at Area
13. Information of this type was not obtained at Clean
Slate 2. At NS219 and NS201, the respirable soil fraction
(<5 j*m) contained 1% or less of the total soil radioactivity
compared with about 5% at Area 13. Of the samples col-
lected, the maximum percentage of the total-soil radio-
activity contained in the resuspendable (<100 ^m) frac-
tion was 13% at NS219 (Lee and Tamura 1981) compared
with a maximum of 5% for NS201 (Lee et al. 1987a). At
Area 13, the mean percentage of total-soil 239Pu in the
resuspendable soil fraction was 88% (min = 73%, max
= 99%; „ = 10) (Tamura 1975, 1976). The 88% value
was obtained assuming there was negligible amounts of
239Pu in the >2000-/im fraction (that fraction was not
analyzed). This assumption seemed reasonable, since
negligible amounts of 239Pu were in the smaller 840- to
2000-Mm fraction.

These results indicate Area 13 has more potential
for transport of 239Pu via resuspension than NS201 or
NS219. Additional evidence for this is the presence of
"blow sand" mounds (accumulations of blow sand around
the base of shrubs and grass clumps) in Area 13 and Clean
Slate 2, but not at NS201 and NS219. Essington et al.
(1977) and Gilbert and Essington (1977) reported that
these clumps, which result from wind action and the bur-
rowing activities of small mammals, have higher concen-
trations of transuranic radionuclides than underlying soil
or surrounding desert pavement. The soil-profile samples
collected in desert pavement areas and in mounds indi-
cated that most 239Pu and 24 'Am was in the top 5-cm of
soil (~95% at Area 13 and NS219; somewhat less at
NS201 and Clean Slate 2) (Essington and Fowler 1976;
Essington 1982, 1987a, 1987b; Gilbert et al. 1975).

Resuspension studies
The resuspension studies also supported the hypoth-

esis of a higher potential for radionuclide transport at Area
13 than at NS201 or NS219. For 239Pu, the resuspension
factor, denned as the ratio of the measured aerosol con-
centration (Bq m~3) to the total surface-soil contami-
nation level (Bq m~2) was four orders of magnitude larger
at Area 13 (9 .X 10~9 m"1) than at NS219 (2 X 1Q-'3

m~') (Shinn et al. 1986), and three orders of magnitude
larger than at NS201 (4 X 10 ~'2 m ~') (Shinn and Homan
1982). Also, at NS201 and NS219, Shinn et al. (1986)
found that the enhancement factor, defined as the ratio
of specific activity in the aerosols (Bq g~' of suspended
dust) to specific activity in surface soil (Bq g"1 soil), was
0.02 and 0.002, respectively. Enhancement factors for
Area 13 and Clean Slate 2 are not available, but this factor
at two similar nonnuclear sites on the NTS (the GMX
site in Area 5 and Plutonium Valley in Area 11) was re-
ported by Shinn et al. (1986) to be about 1.0. These dif-
ferences in resuspension and enhancement factors are be-
lieved to occur because much, if not most, of the 239Pu
at NS201 and NS219 is associated with silicate materials
which are not resuspendable (Shinn et al. 1986).

The extent to which these resuspension conclusions

depend on the specific locations of the air samplers at the
study site:; remains to be determined. Also, the resuspen-
sion studies were conducted in different years (see Table
1). Hence, differences in rainfall and wind conditions in
the different years could account for part of the differences

tudy sites.
resuspension results discussed above for NS201
9 are for undisturbed soil surfaces. Evidence
ed for increased resuspension at these sites when
e soil was disturbed. At NS201, when the soil
as hand raked to loosen the soil and to remove
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Tamura (1977) developed a soil Pu index to evaluate
the potential exposure hazard in terms of resuspension
and inhalation of Pu-contaminated particles in soil. The
index, defined as the product of a soil activity factor, a
lung depositional factor and a resuspendable activity fac-
tor, was ibout ten times larger at Area 13 compared with
NS201 cj NS219 (Lee and Tamura 1981).

q m ) and the Pu specific activity at 1.2-m
reased by a factor of 18 (to 1.3 Bq g"1) (Shinn
an 1982). These same relationships were ob-
the wind tunnel at NS201. At. NS219, Shinn et
found that a grassland wildfire in 1977 increased
aerosol-specific activity (Bq g"1) by a factor of
the 239Pu aerosol concentration by a factor of
a few. months during the dry season following

•e.
her mechanism that could potentially increase
jension of radionuclides at NS201 and NS219
for the radioactive glass particles to be broken

resuspendable size particles by weathering,
mnd erosion. At NS201, Lee et al. (1987a) found
ct grinding of the 0.25- to 2-mm fraction of a
m soil sample for 1 h followed by sieving resulted
'the 2 4 lAm being retained with the 0.25- to 2-
on. Only 4% of the 24 lAm was associated with
5-mm fraction generated by grinding. Lee et al.
oncluded that soil at NS201 might have a lower
y than the soil at NS219 of producing respirable-
active particles by saltation during wind erosion,
,ee and Tamura (1981) found the radioactive
t NS219 to be very fragile and porous. However,
pavement in these areas may prevent saltation
rring to any great extent. Also, Shinn and Ho-

2) could not detect saltation in the wind tunnel

'tion-soil relationships
ney et al. (1975) concluded that radionuclide
ation of vegetation in the arid NTS environs is
by resuspension processes rather than by root
ence, areas that have larger resuspension factors
o have larger vegetation-over-soil concentration
o, we would expect that the average vegetation-
atio would be higher for Area 13 than for NS201
9, assuming that the estimated resuspension
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factors at each of these study sites are valid at locations
where vegetation samples were collected. The GMs for
the vegetation and soil 239Pu data plotted in Figs. 3 and
4 indicate that NS201 and NS219 do have smaller ratios.
For Area 13 (Fig. 4), the vegetation GM divided by the
soil GM is 6600/57,000 = 0.12 and ISO/1100 = 0.16 for
the inner and outer enclosures, respectively, as compared
with 30/6200 = 0.0048 for NS201 (Fig. 3) and 1.8/610
= 0.0030 for NS219 (Fig. 4).

A closer look at the vegetation-over-soil data for Area
13 and NS201 is made in Fig. 5a, b, c where the vegetation-
over-soil ratios of the 239Pu and 137Cs concentrations in
Figs. 3 and 4 are plotted versus the soil concentration (the
denominator of the ratio). The least-squares equations
that were fitted to the data are also shown. These equations
were obtained by regressing the natural logarithms of the
ratios on the natural logarithms of the paired soil con-
centrations, then exponentiating the equation. The form

Area 13

2.5

= 2.0-
w
^ 1.5
g
5 1.0
D>
^ 0.5

239
Pu a)

• Ceratoides lanata
° Other Shrub Species

Veg/Soil = 0.18(Soil)-°-22

n=144

- 2 . 0 2 4 6 8
Ln(Soil), Bq g-1 dry wt.

10

GZ at (0, 0) Coordinate

-1219
-4877

Meters

NS 201 b)

Veg/Soil = 0.013(Soilf°'53

- 4 - 2 0 2 4 6
Ln(Soil), Bq g'1 dry wt.

229 145 „. _
"23 -107

GZ at (0, 0) Coordinate

NS201 137Cs c)

Veg/Soil = 0.011 (Soil)"0'85

n = 61

95% Confidence Limits on the
Fitted Line

- 5 - 4 - 3 - 2 - 1 0 1

Ln(Soil), Bq g^1 dry wt. GZ at (0, 0) Coordinate

Fig. 5. (a, b, c) Regression of vegetation-over-soil concentration ratios of 239Pu and 137Cs on the 239Pu and 137Cs
soil concentrations in the denominator of the ratios for Area 13 and NS201. (d, e, f) Vegetation-over-soil concen-

tration ratios of 239Pu and '37Cs plotted at locations in Area 13 and NS201 where the samples were collected.
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of the equations in Fig. 5a, b also applies to 2 4 'Am since
the correlation between 239Pu and 2 4 lAm concentrations
for vegetation and soil at NS201 is very high (>0.98), as
it is at the other three sites.

In Fig.-5a, b, the data indicates that most vegetation-
over-soil ratios of 239Pu concentrations at Area 13 were
larger than those at NS201, which is consistent with the
higher measured resuspension factor at Area 13. However,
different vegetation species were collected at the two sites,
which could be a contributing factor to the difference in
vegetation-over-soil ratios. Of particular interest in this
regard is winter fat (Ceratoides lanata), 23 samples of
which were collected at Area 13 and none at NS201. This
species has hairy fruiting bodies that tend to entrap re-
suspended soil. Also, the foliage of this plant is covered
with a dense coating of star-shaped.and unbranched hairs
that may trap resuspended soil (Smith 1979). Indeed,
Romney et al. (1975) found that the mean 239Pu concen-
trations for C. lanata samples were larger than for samples
of other species at Area 13. The vegetation-over-soil ratios
for this species (identified in Fig. 5a) are among the larger
ratios. However, most of the remaining ratios at Area 13
are still larger than those at NS201, which suggests that
species differences alone cannot account for the larger
239Pu vegetation-over-soil ratios at Area 13 compared to
NS201..

The least-squares equation in Fig. 5a changes slightly
to Veg/Soil = 0.18(Soil)~0'30 if the C. lanata ratios are
discarded. Dividing this equation by the NS201 equation
for 239Pu in Fig. 5b yields 14(Soil)°23. This result indicates
that, on the average, the magnitude of the difference in
ratios may increase from roughly a factor of ten at loca-
tions in both testing areas where the 239Pu concentrations
were approximately 1 Bq g~', to a factor of roughly 40
for locations where the concentrations were about 100
Bq g~'. A similar result is obtained when comparing Area
13 andNS2!9, the quotient being 9(Soil)0'38. Hence, dif-
ferences between Area 13 and NS201-NS219 in the po-
tential hazard due to resuspension processes may be
greater near the GZ areas than at distances from the GZs
where soil concentrations are lower.

The differences between study sites noted above, and
those discussed elsewhere in this paper, could also be due
in part to the studies being conducted in different years
(Table 1). Changes overtime in radionuclide concentra-
tions and ratios are being studied under the BECAMP
study program mentioned in the Introduction.

In Fig. 5 a, b, c, the data show that the vegetation-
over-soil concentration ratios are related in a nonlinear
way to concentrations in soil. The fitted equations in those
figures indicate there is a tendency for vegetation-over-
soil ratios to increase as soil concentrations decrease. The
same type of regression relationships shown in these fig-
ures also occurred for 241Am and 238Pu at NS201 and for
the three transuranic radionuclides, I37Cs and other fission
products at NS219. The data and equations for fission
products other than 137Cs are not shown here because of
their similarity to those shown in Fjg. 5c.

In Fig. 5d, e, f, we show the vegetation-over-soil ratios
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;ations in Area 13 and NS201 where the paired
vegetation samples were collected. The higher
:ur on the edges of the fallout plume, whether
is near or far from GZ. The high ratios on the
•GZ maybe due to. wind transport of radioactive
from the nearby GZ area. Romney et al. (1975)

that the high ratios farther down the fallout
be because of two related processes: a decrease

rage fallout-particle size with increasing distance
from GZ, and smaller particles further from

; more readily resuspended and retained on plant
Partial support for this latter hypothesis was ob-
NS219 by Lee and Tarnura (1981), who found

radioactive particles at greater distances from GZ.
, Tamura (1975) found relatively uniform-sized
at all distances .from GZ in'Area 13. At NS201,
were not collected at sufficient distances from
ovide comparable information.

possible explanation for the increase in
-over-soil ratios is that as soil concentrations

root uptake may become a more important veg-
cjontamination mechanism relative to resuspen-

. However, if this phenomenon is occurring,
sion processes are believed to be the more im-
:nechanism since the vegetation-over-soil ratios

concentrations are so large,
vegetation-over-soil results also suggest that the

enhancement factor defined above may
o|ver space. To see this, note that the enhancement

n be expressed as the product of the air-over-
concentration ratio and the vegetation-over-

ratio. Hence, assuming equations of
in Fig. 5a, b, c are applicable, we obtain
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the form

Enhancement Factor = (Air/Veg)(Veg/Soil)

= (Air/Veg)[a(Soil)*]. (D

-over-vegetation ratio is relatively constant over
if eqn (1) is applicable, the enhancement factor

z proportional to the vegetation-over-soil ratio
vary over space in the same manner as the

-over-soil ratio. This hypothesis remains to be
NTS.

Diets of cattle and kangaroo rats
Th<; results in the previous three sections provide

evidence that Area 13 has a greater potential than NS201
or NS219 for contamination of plants and animals by
resuspersion. In the remainder of this paper we focus on
estimatii ig concentration ratios for tissues of kangaroo
rats and cattle for the different study areas. To aid in the
interpretation of these results, we discuss in this section
the diets of kangaroo rats and grazing cattle and examine
the data in Figs. 3 and 4 in greater detail.

Tht cattle that grazed Area 13 were found to pri-
marily ingest shadscale (Atrip/ex confertifolia), four-
winged saltbush (Atriplex canescens) and winter fat (Cer-
atoides lanata), except during the spring and early sum-
mer moijths when grass species (primarily perennial rice-
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grass, Oryzopsis hymenoides) were preferred (Smith
1979). Forbs usually made up 5% or less of the diet. The
three shrub species above also accounted for about 90%
of the vegetation samples collected by hand in Area 13.

At Area 13 the dominant captured small mammal
was the kangaroo rat D. microps, and our analyses here
are for the 13 animals of this species that were sacrificed
(239Pu data for these animals are in Fig. 4). Although
botanical analyses of the GI contents of sacrificed kan-
garoo rats were not conducted, D. microps is known to
consume primarily the interior portions of leaves on the
upper twigs of A. confertifolia, but it may occasionally
use leaves of A. canescens and C. lanata (Kenagy 1972,
1973). D. microps also eats seeds and some green plant
material (Burt 1934).

It is also known that both kangaroo rats and cattle
ingest soil either accidentally from the ground surface
during foraging and other activities, or as soil surficially
attached to ingested vegetation. Kangaroo rats engage in
sand bathing to groom their pelage (Eisenberg 1963;
Kenagy 1976), spend most of their time in burrows (Moor
et al. 1977) and eat vegetation and/or seeds (Kenagy
1973) to which soil and accompanying radionuclides may
be attached. French et al. (1965) estimated that under
field conditions, D. merriami obtain 70-80% of their in-
ternal radionuclide burdens from ingesting contaminated
soil particles. They found that the total sand consumed
by D. merriami from digging and searching in the sand
and by grooming their fur was 97 mg d~' in one laboratory
experiment and 291 mg d~' in another experiment.

Cattle often roll in the dirt, and they lick off and
ingest soil deposited on their snouts (Patzer et al. 1977).
Blincoe et al. (1981) found at Area 13 that almost all
(>97%) of the Pu ingested by rumen-fistulated steers was
ingested with soil from the ground surface or with soil
surficially attached to vegetation. Smith (1979) concluded
on the basis of a special soil-in-ingesta study of some of
the Area 13 cattle that they ingested an average of about
0.25 to 0.5 kg d~' of soil from the soil surface. The amount
of soil ingested by cattle in a similar arid environment in
Idaho ranged from about 0.10 to 1.5 kgd"1 with a median
of 0.50 kg d~' (Mayland and Florence 1975).

The ingestion of 239Pii by kangaroo rats and cattle
in Area 13 is reflected in the 239Pu concentrations given
in Fig. 4 for the rumen fluid, rumen vegetation, reticulum
sediment, GI (rumen) of cattle and the GI of D. microps.
The concentrations for the GI of D. microps and the ru-
men of beef cattle are highly variable, but they cover about
the same range of values. The GM concentrations for the
GI of outer-enclosure cattle and kangaroo rats at Area 13
were similar (380 vs. 170 Bq kg"1; not statistically differ-
ent). The GM concentrations for the GI of inner-enclo-
sure cattle and kangaroo rats were less similar (790 vs.
2600 Bq kg"'; not statistically different) than those for
outer-enclosure animals—due in large part to one very
large kangaroo-rat concentration (29,200 Bq kg"').

Since the number of sampled kangaroo rats in the
outer and inner enclosures (9 and 4, respectively) was
about the same as the number of cattle that grazed the

inner and outer enclosures (12 and 3, respectively), per-
haps the best overall summary is to compare the GI GM
for all 13 kangaroo rats with the GI GM for all 15 cattle.
These GMs were 400 Bq kg"1 (GSE = 2.0) and 440 Bq
kg"1 (GSE = 1.3) for kangaroo rats and cattle, respectively
(not statistically different). Hence, although the variability
in these data is high, the GM GI 239Pu concentrations for
the sampled cattle and kangaroo rats were very similar in
value.

The reticulum sediment concentrations for beef cattle
(Fig. 4) are about 10 times smaller than those for rumen
GI (statistically different). This difference may be due to
the sediment being perhaps composed of the larger and
heavier ingested soil particles that contain lower concen-
trations of 239Pu. Tamura (1976) found that the larger
soil-size fractions (those greater than 125 ̂ m geometric
diameter) of surface soil contained less than-an average
of 2.5% of the 239Pu in soil (Gilbert et al: 1988).

The GM 239Pu concentrations for rumen vegetation
and rumen fluid (Fig. 4) were ~5 times larger than the
GMs for these types of samples for beef cattle (statistically
significant differences). The GM reticulum sediment
concentration for fistulated steers was also statistically
larger. These differences might be due to an increased
ingestion of soil by steers because of possibly more vig-
orous grazing due to their stressed condition (empty ru-
mens) at the start of their 24-h grazing periods.

Fifty-nine kangaroo rats were removed from NS201
and sacrificed: Dipodomys merriami (41 animals), D. or-
dii (12) and D. microps (6). Dipodomys merriami eats
primarily seeds in addition to green plants and insects
(Soholt 1973; Reichman 1975; Bradley and Mauer 1971).
In the spring, D. merriami may have a diet of nearly 40%
green plant material (Kenagy 1972, 1973). Dipodomys
ordii also eats seeds and green plants. At NS201, about
50% of the hand-sampled vegetation was Chrysothamus
visidiflorus, with A. canescens and Chrysothamus naus-
cosus each accounting for another 24%. The 239Pu mea-
surements for these animals and the vegetation are given
in Fig. 3.

In Fig. 3, the GM concentrations of 239Pu, 241Am
and 238Pu for the D. microps GI samples were about 40%
smaller than for D. merriami and D. ordii, although these
differences were not large enough to be statistically sig-
nificant. However, a hypothesis that might be considered
for future study is whether the smaller GM concentrations
for the GI of D. microps might be due to the ingestion
by that species of the interior portions of shrub leaves,
portions that have relatively low transuranic-radionuclide
concentrations due to small root uptake of these radio-
nuclides in the NS201 desert environment. The GM GI
concentration for 90Sr was somewhat larger for D. microps
than for the other Dipodomys species, but again the dif-
ference was not statistically significant. A hypothesis of
interest for this result is whether the slightly larger 90Sr
GM for D. microps resulted from a greater root uptake
of 90Sr compared to the transuranic radionuclides. Cau-
tion is obviously needed in interpreting these data since
so few D. microps data (n = 6) were available.
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At Clean Slate 2, A. confer!ifolid and D. microps
were the dominant vegetation and small-mammal species,
respectively, and they were the only species that were col-
lected. Fifteen D. microps animals were n-moved and sac-
rificed. At NS219, all collected vegetation samples were
bunch grasses Oryzopsis hymenoides and Sitctnion juba-
tum. Figure 4 shows the 239Pu data for collected vegetation
at Clean Slate 2 and NS219 and for the D. microps samples
from Clean Slate 2.

The GM 239Pu concentration for the GI of D. microps
at Clean Slate 2 (2500 Bq kg"1) (Fig. 4) is similar to that
for D. microps in the inner enclosure at Area 13 (2600
Bq kg"1) (Fig. 4), but is an order of magnitude larger
than at NS201 (72 Bq kg"1) (Fig. 3), a statistically sig-
nificant difference. The smaller GM at NS201 could be
related to possibly less ingestion of 239Pu with soil since
the 239Pu at NS201 is associated with silicate materials.

Tissue-over-tissue concentration ratios for kangaroo rats
atNS20l

In this section we use the kangaroo-rat data in Fig.
3 to compare 239Pu, 238Pu, 24lAm, 137Cs and 90Sr as con-
cerns their carcass-over-GI, carcass-over-pelt and Gl-over-
pelt concentration ratios.

We see from Fig. 3 that, for each data set, the con-
centrations for the different animals vary over several or-
ders of magnitude. Nevertheless, there are consistent pat-
terns in the data. The GMs indicate that: 1) for all radio-
nuclides except 90Sr, the GM for carcass is smaller than
that for GI; 2) carcass concentrations are highest for 90Sr
followed by 239Pu, 241Am, 238Pu and 137Cs, in that order;
and 3) for D. merriami and D. ordii, the GI concentra-
tions are higher than pelt concentrations for all radio-
miclides. A convenient way to summarize these patterns
is to compute average concentration ratios. This was done
by computing the concentration ratio for each animal
and then computing the GM of those ratios. The ratios
for the individual animals are plotted in Fig. 6.

The data in Fig. 3 and the ratios in Fig. 6 are for
those animals with positive concentration measurements
reported by the analytical laboratory (negative measure-
ments were reported for some tissue samples, particularly
pelt). The number of l37Cs data is small because a zero
137Cs concentration was reported for most samples. Hence,
strictly speaking, the GM ratios for 137Cs in Fig. 6 are for
only those sacrificed kangaroo rats that had relatively large
137Cs concentrations.

The GM carcass-over-GI ratio for 90Sr (0.97) was
statistically larger than the GM ratios for l37Cs (0.17),
238Pu (0.032), 241Am (0.018) and 239Pu (0.012). Also,
the GM carcass-over-GI ratio for 238Pu was statistically
larger than the GM ratios for241 Am and 239Pu. This latter
result agrees with studies by McLendon et al. (1976),
Hanson (1975) and Little (1976) that suggested 238Pu is
more biologically available than 241Am or 239Pu. Similar
relationships between these isotopes were observed for
the carcass-over-pelt ratios (Fig. 6). The smaller GM
concentrations of 24lAm, 238Pu and 239Pu in carcass com-
pared to pelt is consistent with data obtained by Arthur
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ected in various habitats. The GM Gl-over-pelt
all greater than one, and the GM Gl-over-pelt

137Cs was statistically larger than those for the
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other radionuclides by a factor of four or five. However,
since most 137Cs concentrations were reported as zero and
hence could not be used here, this statistical difference
may not reflect a true difference.

Comparing 239Pu concentration ratios across sites
In this section we compare NS201, Area 13, and

Clean Slate 2 with regard to tissue-over-tissue, tissue-over-
vegetation (shrub) and tissue-over-soil ratios of 239Pu
concentrations for cattle and kangaroo rats. The 239Pu
data used to make these comparisons are from Figs. 3
and 4.

Tissue-over-tissue concentration ratios for kangaroo
1 rats and cattle

In Table 2 are shown the GM tissue-over-tissue 239Pu
concentration ratios for kangaroo rats at Area 13, Glean
Slate 2 and NS201 and for beef cattle at Area 13. The
GM carcass-over-GI ratios for kangaroo rats at the three
study sites were very similar in value, ranging from 0.012
(NS201) to 0.021 (Area 13), and were not statistically
different. The Area 13 GM ratio for kangaroo rats (0.021)
was about 30 times larger than the GM carcass-over-ru-
men ("GI") ratio (0.00073) for cattle at Area 13 (a sta-
tistically significant difference). This result leads one to
consider a hypothesis that the transfer of 239Pu from the
GI to carcass was greater for kangaroo rats than for cattle
at Area 13. However, caution is suggested injinterpreting
these results since, as described in the Methods and Data

section, we could only approximate carcass concentrations
for cattle.

The GM GI-over-peH 239Pu concentration ratio for
kangaroo rats at Area 13 (GM = 1.1, Table 2) was not
statistically different from the GM for Area 13 cattle (2.8)
or NS201 kangaroo rats (2.0). However, these GMs were
statistically smaller than the GM ratio (9.4) at Clean Slate
2 (Table 2). The larger ratio for Clean Slate 2 was caused
in large part by the very large GI concentrations for three
animals (see Fig. 4). These animals had centers of activity
in the highest soil- and vegetation-concentration region
at Clean Slate 2. Also, most of the animals at Clean State
2 had centers of activity in relatively high concentration
areas. The GM ratio (9.4) was not statistically different
from the GM Gl-over-pelt ratio 7.4 (GSE = 1.7) for four
animals at Area 13 that had centers of activity in the higher
concentration region (inner fenced enclosure; strata 3 or
4; Fig. 2). The GM Gl-over-pelt ratio for the nine outer-
enclosure animals at Area 13 was 0.46 (GSE = 1.5). These
results indicate that kangaroo rats that lived in the more
highly contaminated environments at Area 13 and Clean
Slate 2 may have had similar GM Gl-over-pelt ratios (of
size ~ 7-9) that were larger than GM ratios for animals
in less contaminated areas. The similarity in GM Gl-over-
pelt ratios at Area 13 and NS201 reported in Table 2
(ratios of 1.1 and 2.0, respectively) is believed to reflect
the fact that most kangaroo rats at those study sites did
not live in the more highly contaminated areas.

The GM carcass-over-pelt 239Pu ratio for kangaroo
rats at Clean Slate 2 was statistically greater than the GMs

Table 2. Tissue-over-tissue 239Pu concentration ratios for kangaroo rats (Dipodomys spp.) and grazing beef cattle
at! Area 13, NS201 and Clean Slate 2.

Area 13

', Beef Cattlej

Area 13

Dipodomys
microps

NS201

Dipodomys
spp.

Clean Slate 2

Dipodomys
microps

Carcass/GI

n*J*
'GM
GSE**

Carcass/Pelt

' n
GM
GSE

Gl/Pelt

n
GM
GSE

1-3
0.00073
1.6 .

14
0.0015
2.0 ;

15
2.8
1.7

12
0.021
2.0

12
0.026
1.8

13
1.1
1.6

59
0.012
1.2.

59
0.025
1.2 •

59
2.0
1.3

14
0.017
1.8

14
0.17
1.4

15
9.4
1.8

* A line over two or more data sets indicates no statistical differences (p > 0.05) between the geometric-mean ratios for
those data sets. :

t For cattle, pelt refers to skin and hair, and GI and carcass were calculated as indicated in the caption to Fig. 4 and in the
text. • •

** n, GM and GSE are denned in the caption to Fig. 3.
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for kangaroo rats at Area 13 and NS201 (Table 2). The
reason for this difference is the same as just discussed for
the GM Gl-over-pelt ratios. The GM carcass-over-pelt
ratio for cattle was statistically smaller than the GMs for
kangaroo rats. This result is consistent with the smaller
carcass-over-GI ratio for cattle and the similar GM Gl-
over-pelt ratios for cattle and kangaroo rats.

Tissue-oyer-vegetation and tissue-over-soil ratios for
kangaroo rats and cattle

Carcass-over-vegetation. In Fig. 7, the GM carcass-
over-vegetation 239Pu ratio for kangaroo rats was 0.024
at Area 13, 0.042 at Clean Slate 2 and 0.026 at NS201
(not statistically different). The similarity of.these GM
ratios is expected since carcass/veg = (carcass/GI) X (GI/
veg) and the GM Gl-over-vegetation ratios (Fig. 7) and
GM carcass-over-GI ratios (Table 2) were not statistically
different at the three sites.

The GM carcass-over-vegetation 239Pu ratio for cattle
(0.00078, Fig. 7) was statistically smaller than the carcass-
over-vegetation ratios for kangaroo rats. This is not un-
expected since the GM Gl-over-vegetatioh ratios for cattle
and kangaroo rats were not statistically different (Fig. 7),
and the GM carcass-over-rumen ("GI") ratio for the cattle
(0.00073) (Table 2) was statistically smaller than the GM
carcass-over-GI ratios for kangaroo rats (Table 2, dis-
cussed above).

Carcass-over-soil ratios. The GM carcass-over-spil
239Pu ratio for kangaroo rats at NS201 (0.000090) was
statistically smaller than the GM ratio at Area 13 (0.0013)
and at Clean Slate 2 (0.00072) (Fig. 7). However, as noted
immediately above, the GM1 carcass-over-vegetation ratio
for kangaroo rats at NS201 was not statistically smaller
than at Area 13 or Clean Slate 2. Hence, since carcass/
soil = (carcass/veg) X (veg/soil), the smaller carcass-
over-soil ratio at NS201 might be explained by the smaller
vegetation-over-soil 239Pu concentration ratios observed
at NS201 compared to Area 13 (Fig. 5a, b). We note that
carcass-over-soil ratios approximately 10 times larger than
those in Fig. 7 for Area 13 and Clean Slate 2'were reported
for small mammals in a grassland ecosystem in Colorado
(Little 1980) and in the humid southeastern United States
(McLendon et al. 1976).

The GM carcass-over-soil ratio for Area 13 cattle
was 0.00012, which was statistically smaller than the GM
carcass-over-soil ratio (0.0013) for kangaroo rats at Area
13 (Fig. 7). This result is consistent with the finding that
the GM carcass-over-vegetation ratio was smaller for Area
13 cattle than for kangaroo rats (Fig. 7).

Gl-over-soil ratios. The GM Gl-over-soil 239Pu ratio
at NS201 (0.0083) (Fig. 7) was statistically smaller than
the GM ratio at Area 13 (0.047) and at Clean Slate 2
(0.039). A smaller GM ratio at NS201 was expected since
(1) Gl/soil = (carcass/soil)/(carcass/GI), (2) the GM
carcass-over-soil ratio was also smaller at NS201 (Fig. 7),

and (3 ) t l
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over-soil ratios. The Area 13 GM 239Pu pelt-
ratio for kangaroo rats (0.043) was statistically
n that at Clean Slate 2 (0.0041) and at NS201
(Fig. 7). The ten-fold greater GM at Area 13
NS201 may be related to the findings (discussed

(1) most of the radionuclides at NS201, but
;a 13, were incorporated into particles of silicate
(2) most radioactivity at Area 13 was in a ten-

tiler diameter soil particle-size fraction than that
. The silicate glass particles at NS201 do not
well to the pelt of kangaroo rats as do the finer
:les at Area 13. The reason for the smaller pelt-
ratio at Clean Slate 2 is unknown. Laboratory
ze fraction studies were not conducted for Clean

although Leavitt (1978) found on the basis
that the soil textures at Area 13 and Clean

:re similar (gravelly sandy loam).
GM pelt-over-soil ratio for cattle at Area 13

Fig. 7) was larger than that for kangaroo rats at
0.043), but the difference was not statistically

scils,
sui"veys

concentration 'ratios for kangaroo-rat tissues
NS201, the GM 239Pu-over-238Pu concentration

for pelt and GI of D. spp. were statistically greater
factor of three or four than that for the carcass (Fig.

result supports the evidence in Fig. 6 discussed
at NS201, 238Pu may be more biologically

to the carcass of kangaroo rats than 239Pu. Also,
39Pu-over-241Am ratio for pelt was about twice
arcass (a statistical difference) and about the
hat for soil (GM = 10.5, GSE = 1.1, n = 12;

al. 1977, Fig. 13) within the small-mammal
irea at NS201. This result for 24lAm agrees with

Markham et al. (1978) that found statistically
9Pu-over-24t Am concentration ratios in the car-

mice (Peromyscus maniculatus) than in soil
uranic radionuclide storage area in Idaho, sug-
eater bioavailability of241 Am compared to 239Pu.
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Fig. 7. Tissue-over-soil and tissue-over-vegetation 239Pu concentration ratios for cattle at Area 13 and for kangaroo
rats (Dipodomys spp.) at Area 13, Clean Slate 2 and NS201. A line drawn over two or more data sets indicates no
statistical difference (p > 0.05) between the geometric-mean ratios for those data sets. The comparisons were made

using Bohferroni / tests (Miller 1966) conducted on the logarithms of the ratios.
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idicates no statistical difference (p > 0.05)

were made using Bonferroni / tests
based on only those animals that had ratios
40 for 239Pu-over-24'Am ratios.

CONCLUSIONS clear site

This paper synthesizes radionuclide concentrations
at nuclear and nonnuclear testing areas on the NTS and
adjacent areas to provide information for the continuing
development of radionuclide transport and dose-to-man
models for these areas. The data indicate that the trans-
uranic radionuclide contamination in soil at the nonnu-
clear Area 13 site may be transferred more readily to plants at NS201
and animals than the transuranic radionuclide soil con- have pot
tamination at NS201 and NS219. Compared to these nu- pavemen

s, Area 13 has orders-of-magnitude higher re-
suspension factors; a higher percentage of radioactivity in
smaller soil particle-size fractions; a larger percentage of
resuspendable and respirable soil and GM carcass-over-
soil, Gl-over-soil, and pelt-over-soil 239Pu ratios that are
ten times larger than at NS201. Also, the vegetation-over-
soil ratios of 239Pu concentrations (an indirect measure
of resusp^nsion factors) at Area 13 tend to exceed those

The data also show that NS201 and NS219
;ntial for increased resuspension if the desert
t is disturbed, if wildfires destroy native vegeta-



Radionuclide transport on the Nevada Test Site • R. O. GILBERT et al. 885

tion or if the fragile silicate glass material (at NS219)
containing 239Pu is ever broken down into resuspendable
particles by the forces of nature or the activities of man.

The vegetation-over-soil concentration ratios at all
sites and for all radionuclides tend to be larger in areas
of lower soil concentrations. Equations are' fit to data to
relate the vegetation-over-soil ratio to the soil concentra-
tion in the denominator of this ratio and to hypothesize
a possible relationship between resuspension processes
(the enhancement factor) and the vegetatiorirover-soil and
air-over-vegetation radionuclide concentration ratios.
These results indicate that realistic radionuclide transport
and dose-prediction models for regions surrounding point
sources of radioactivity originating from explosions may
require that concentration ratios be allowed to vary de-
pending on direction and distance from the [point source.

The estimated GM carcass-over-GI 239Pu concentra-
tion ratios at Area 13 indicate there may!have been a
greater transfer of 239Pu from the GI to the carcass^of
kangaroo rats than from the GI to carcass of grazing cattle
at that study site. However, there is considerable uncer-
tainty in this estimate, since cattle carcass concentrations
had to be calculated using an approximate formula. Nev-
ertheless, our discussion here of the diets of kangaroo rats
and grazing cattle, of the concentrations of radionuclides
in their digestive tracts (GI and rumen) and of the transfer
of radionuclides to their tissues may help" address the
question of whether rodent diets and radionuclide trans-
fers can be used to approximate such transfers of radio-
nuclides to cattle. It is of interest in this regard that the

average (GM) concentration of 239Pu for the GI of Area
13 kangaroo rats was very similar to the GM for the rumen
contents of grazing beef cattle at that study site (400 vs.
440 Bq kg"1, respectively).

At NS201 there is evidence for a four-fold enhanced
bioavailability of 238Pu to the carcass of kangaroo rats
relative to 239Pu and a two-fold enhanced bioavailability
of 241Am to the carcass relative to 239Pu. Also, the bio-
availability of 90Sr to kangaroo-rat carcass (as measured
by the GM carcass-over-GI ratio) appears to have been
about 60 times larger than for 239Pu or 241Am, about 30
times larger than for 238Pu and about six times larger than
for l37Cs. Hence, the data indicate that the order of bio-
availability of radionuclides to the carcass of the kangaroo
rat was 90Sr > l37Cs > 238Pu > 2 4 lAm > 239Pu. Evidence
for a greater transfer of 2iSPu than of 239Pu to cattle tissues
of Area 13 grazing cattle was reported by Smith (1979),
but he found no evidence of enhanced uptake of 241Am
relative to 239Pu. These results emphasize the importance
of developing radionuclide transport and dose models that
take into account differences in bioavailability of different
radionuclides.
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